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ABSTRACT 
The ident i ty  of Ca 6 0 5 Si201~ F with other germanate 
1 X ~ 1 X 
and silicate phases r~ported in the literature is confirmed 
by X-ray methods. The crystals exhibit superstructure which 
is interpreted as arising from ordering of Ca vacancies in 
the [203] direction. Its crystallochemical relationships 
with other fluorosilicate and germanates is discussed. 
Introduction 
Although the role of minor constituents in the cement cl inkering 
process has been the subject of numerous invest igat ions,  their  role is 
s t i l l  incompletely understood. The behaviour of constituents capable of 
acting as fluxes or mineralizers during burning is of part icular  interest .  
Fluorine, as F-, is such a constituent. At cl inkering temperatures 
i t  depresses solidus temperatures and reduces melt v iscos i ty ,  thereby 
fac i l i ta t ing  mass transport through the melt phase. The fate of an 
addit ive during cooling is of importance, too. Ideal ly,  i t  should not 
greatly a l ter  the balance between calcium s i l i ca tes ,  aluminates, etc. 
and ult imately become camouflaged by di lute sol id solution in the cl inker 
phases. However, f luorine is known to enhance greatly the thermodynamic 
s tab i l i ty  of Cz2A 7 by forming solid solutions extending to the C11A7.CaF 2 
composition. Moreover, i t  may condition the formation of other phases 
not normally present in cl inker.  These are potential drawbacks to using 
f luorine: the supernumerary phase or phases are rich in Ca, A1 and Si 
but have reduced cementitious potential re lat ive to C3S and C2S. 
We recently described a f luoros i l i cate  phase in this class: 
Ca~_o.s×Si2Ol0_xF× ( I ) .  I ts  composition and structure have several feat- 
ures relevant to cl inkering reactions. F i rs t ,  i t  is compositionally 
similar to C3S to which i t  bears a pronounced structural s imi la r i ty .  
Second, i t s  structure bears an interest ing relationship to that of C3S. 
In i t s  cell (hexagonal, P63/mmc, a = 7.099, o = 5.687~) oxide ions occupy 
the row O,O,z (two 0 per cell translation along e), and the Si04 tetra-  
hedra are confined to the I /3 ,  2/3, z and 2/3, I /3 ,  z rows (I Si04 per row 
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per cell translat ion along ~.  In the rhombohedral C3S~r al i te~structure 
these rows are all al ike and are occupied by sets of 3 oxlde ions and 3 
Si04 groups which alternate regularly e.g.O.O.O.SiO~.Si04.Si04. F inal ly,  
the structure we proposed for the f luoros i l i cate  had an unusual feature not 
hitherto encountered amongst crysta l l ine calcium s i l i cates :  i t  had a var i -  
able Ca/Si rat io ,  the value of which was controlled by the F/O rat io ,  Thins 
variable Ca/Si rat io was achieved by omission of Ca. 
Unknown to us, as well as to each other, several groups were at that 
time determining the crystal structures of phases either isostructural with 
Ca6_ o sxSi2Ol0_xF× or of new hettotypes. Nishi and Takeuchi determined 
the c~ystal structure of the isomorphic Ca3_x(Ge04) (01_2×Fax) phase (2), 
in the course of which confirming that charge balance was maintained by the 
omission of calcium. They studied a crystal having x ~ 0.275 in which 9.2 
~0.6% of the Ca sites were found to be vacant. Breuer-and Eisel also deter- 
mined the structures of several Cd-Pb s i l icates  and germanates having closely 
related structures and provided a summary of available synthesis and crystal lo-  
chemical data on phases of the type M3(TO4)(O,F). (3,4) 
The present paper has been stimulated by the need to determine the re- 
lat ionship between CaG-0.s×Si201o-xFx and Tanaka's f luoros i l i cate  phase, 
Caz2Si4019F2 (5), and to report detai ls of the superstructure of CaG_o.sxSi 2 
Oio-xF× and i ts  or ig in.  
Ident i ty  of Tanaka's Phase and Ca6_o,~xSi2Oz0-×F×. 
The ident i ty  of the phase reported by Tanaka (5) as having the composition 
CaI2Si~OIgF 2 with that which we described as CaG_0.sxSi2Ozo_×F x has been 
confirmed. Doubts about thei r  ident i ty  arose because of irreconcilable d i f -  
ferences in chemical formulae as well as differences in unit cell dimensions, 
although the powder patterns of the two phases are similar and the syntheses 
of both phases occurred under similar conditions. The ident i ty  has been 
established on the following basis. The atomic coordinates of 
Ca6_ o sxSieOlo_xF x taken from reference ( I)  with x = 1.0 were used to calculate 
a powaer pattern giving d spacings and peak intens i t ies ;  the symmetry data 
were taken from International Tables (6). The calculated pattern thus ob- 
tained is given in Table I ;  all  C spacings from in f in i ty  to 1.09 for CuK~ are 
l i s ted.  The calculated values agree well with those in ( I)  except for a few 
weaker reflections (e.g. 003) which ought to be systematically absent and 
which must arise from an impurity phase, probably B-C2S. The single crystal 
used for intens i ty  data is known to consist of a single phase, whereas the 
absolute phase pur i ty of sintered bulk powder preparations is d i f f i cu l t  to 
establish. Aside from these residual differences between calculated and 
observed patterns, which can be explained, both patterns are identical and, 
moreover, are essential ly identical with that reported in (5). Thus, both 
phases are considered to be ident ical .  However, differences in chemical 
formulae cannot be reconciled. Doubling the formula obtained from the structure 
in ( I )and  sett ing x =l.Oand g~ves CaziSi4018F 2 or, i f  the cation vacan- 
cies are included, Caz1~ISi4018F2. This is the closest match which can be 
obtained while also observing the rest r ic t ion  that the doubled unit  cell 
cannot contain more than 20 0 or F atoms. Thus Tanaka's formula, indicating 
21 0 and F per doubled ce l l ,  cannot be correct. 
Electron Dif f ract ion Studies 
Electron d i f f ract ion  photoqraphs obtained from single crystals 
confirm the existence of the hexagonal main cell f i r s t  determined by 
X-ray d i f f ract ion .  However, by electron d i f f rac t ion ,  a complex pattern 
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TABLE 1 
Calculated Powder X Ray Data For 
Cae_o.sxSi2Oto-xFx (x ~ 0.5) 
spacing k ~ ~ I 
0 
A 
6.148 010 I0 
4.175 011 4 
3.550 I I0  2 
3.074 020 49 
2.843 002 38 
2.704 021 I00 
2.581 012 1 
2.324 120 3 
2.219 112 9 
2.151 121 7 
2,087 022 32 
1.928 031 12 
1.812 013 2 
1.799 122 2 
1.775 220 37 
1.663 032 4 
1.633 131 1 
1.614 023 29 
1.537 040 2 
1.506 222 17 
1.484 041 13 
1.469 123 <I 
1.462 132 <I 
1.422 004 3 
1.410 230 1 
spacing L ~ 
0 
A 
1.392 033 
1 385 014 
1 369 231 
1 352 042 
1 342 140 
1 320 114 
1 306 141 
1 290 024 
1 264 232 
1 213 142 
1 213 124 
1 202 051 
1 194 043 
1 183 330 
1 168 034 
1 162 240 
1 138 241 
1 132 233 
1 129 052 
1 118 015 
1 I I0  224 
1 104 150 
1 095 143 
1 092 332 
1 092 134 
1 
<I 
1 
4 
<I 
<I 
2 
2 
1 
1 
<I 
<I 
7 
<I 
<I 
2 
I I  
1 
<I 
<I 
8 
<I 
<I 
<I 
<I 
Calculated for CuK~ (weighted mean) 
0 u 2@ l imi ts  : 0 - 9 , Hexa@onal ce l l .  
of superstructure ref lect ions is also observed. Figure I ,  traced from 
the photographs (the superstructure ref lect ions are rather weak) shows 
graphical ly  the pattern of superstructure ref lect ions and the i r re la t ion -  
ship to the main ref lect ions in both reciprocal and real la t t i ces .  This 
pattern of superstructure ref lect ions is c losely related to that obtained 
in (2), except that the superstructure ref lect ions are e f fec t ive ly  
doubled, probably as a consequence of twinning in the germanate. 
A series of photographs taken at d i f fe rent  t i l t s  revealing successive 
recognizable sections of the reciprocal la t t i ce  show that rows of super- 
la t t i ce  ref lect ions are commensurate with the main structure,  passing 
through the main ref lect ions in the [203]*direct ion.  A Delaunay reduction 
gives ~he true cel I as t r i c l in~c ,  a = 23.839, b = 7.105, c = 16.755 ~; 
= 90 V, B = I17,3 v, ¥ = 98.56 V. 
I t  is suggested that the real structure departs from the ideal2struc-  
ture by the omission of cations, with concomitant subst i tut ion of 0 - by 
F-. The superstructure ref lect ions manifest themselves in the [203]* 
d i rect ion because of cation omission; indeed, the dominant contr ibut ion 
to the 203 re f lect ion  set arises from Ca- the  calculated F c values being 
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( le f t )  drawing of the appearance of the e.d. photograph 
showing superstructure. 
(r ight)  relat ion of real unit cell to subcell. 
Ca, 53.33; 0 , 13.23; 0~,6.24 and Si, 12.76: bxygens 01 and 02 belong 
to the apex a~d basal portions of Si04 tetrahedra, respectively. The 
oxygen not bonded to Si (OR) makes zero contribution to the intensity. 
Moreover, this interpretation is supported by the arrangement of Ca in 
the structure, which Ran be viewed as consisting of sheets parallel to (203). 
Since d~n R ~ 1.675 A, the cation omission must occur every tenth layer, 
thereby ~erat ing the 16.75 A e-axis repeat. 
Discussion 
The level of fluorine substitution, and hence the value of x in the 
formula of the t i t le  phase has not been fixed conclusively in this study. 
Several lines of evidence can, however, be introduced. Bulk analysis for 
F are relatively inconclusive, because of the diff iculty of ascertaining 
the phase purity of preparations. But CORA analyses on in~!yidual crystals 
disclose that they have a mean Ca/Si ratio of 2.99, with o = 0.245. 
The relatively large standard deviation means that not too much significance 
can be attached to the microanalyses: one standard deviation gives positive 
x values lying between 0 and 1.04. The higher value lies quite close to the 
fluorine contents reported by Tanaka (5) and, for the fluorogermanate, by 
Nishi and Takeuchi (2). We therefore conclude that a composition close to 
Ca5.48 ~ 0.52 Si 2 08.98 Fl.o2 or, in round numbers, Ca5.5 D 0.5 Si209F 
wouid satisfy our analyses and be reasonably consistent with other deter- 
minations. 
The departure from cation stoichiometry of this phase might be expected 
to have consequences in terms of its reactivity towards water. Although i t  
has a rather high C/S ratio as we~ as a Ca vacancy population approaching l in 
12, i t  reacts only slowly with water. We conclude that the relationship 
between reactivity and defect content of calcium silicates is not readily 
understood intuit ively; i t  may well be that local electrostatic balance 
considerations are more important in determining reactivity, especially of 
anions, than the cation-defect distribution and balance. 
The discovery and characterization of Ca6, 0 5 Si2010 F phase, as well 
• - ' X  - X X .  . .  
as of other phases closely related in structure,suggestsaodltlonal posslbl- 
l i t ies  for creating new material structures amongst calcium silicates. 
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One such phase, in which SiO 4 is par t ia l l y  replaced by S04 ,wi l l  be 
described by us in the near future (6). This and other new phases in this 
family may or may not have useful properties. However, they are character- 
i s t i ca l l y  more stable at lower temperatures than C3S and their  synthesis, 
characterization and determination of their  properties assume new importance 
in understanding the sequence of chemical reactions occurring in the cooler 
zones of cement kilns as well as the chemical balance which might be ob- 
tained in mineralized, low-energy cements character ist ica l ly  obtained by low 
temperature f i r ings .  
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